Five human subjects were trained in a single target gap saccade task (fixation point offset precedes target onset, target presentation random at 4 deg to the left or fight of the fixation point). Four of them produced different distributions of saccadic reaction times (SRT) for left vs right directed saccades. These asymmetries consisted mostly in different numbers of express saccades, which the subjects produced to the left and to the right side. Using different gap durations (0, 100, 200, 300 and 400 msec) and an overlap task, we found a systematic modulation of the frequency of express saccades: for the shortest and longest gap durations, and in the overlap task, express saccades tended to decline. As a consequence of this effect asymmetric SRTs became rather symmetric for these gap durations. In a gap task where the central fixation point was replaced by a peripheral attention target the occurrence of express saccades was strongly modulated by the location of the attention target relative to the saccade target: for all subjects the frequency of express saccades decreased when the saccade target occurred in the close vicinity of the peripheral attention target. This effect resulted again in clear modifications of the observed asymmetries. We suggest that the occurrence of express saccades can be influenced in a dynamic way by the permanent allocation of the subject's visual attention. Moreover, the phenomenon of direction asymmetry in the SRT distributions can be modulated by such manipulations of the attentional focus.
INTRODUCTION
Measuring visually guided saccades of human subjects in a single target saccade task with the target being presented randomly to tlhe left and to the right side, it has been observed thai: the saccadic reaction times (SRTs) of some subjects were asymmetric, i.e. their SRTs for left vs right target presentation were significantly different (Zeevi, Wetzel & Geri, 1988) . The authors found a correlation between these asymmetries and a response preference for the left or right direction in a bihemifield stimulus condition. The properties of the left/right asymmetries obtained in the single target condition were, however, not described in detail. Also observing subjects with asymmetric SRT distributions in our laboratory, we asked a question concerning the characteristics of these asymmetries: are they constant and do they occur independently of the experimental conditions used, or can they be modulated by the *Brain Research Unit, Department of Biophysics, University of Freiburg, Hansastr. 9, 79104 Freiburg, Germany. tTo whom all correspondence should be addressed.
VR 35/7--E spatial and/or temporal situation in which the saccades are made? Since SRT distributions are multimodal in many cases---depending on the exact experimental conditions--it is likely that different modes predominate in the SRT distribution of saccades to one side as compared to the other.
Models of saccade programming have suggested that the preparation of a visually guided saccade involves the combined operation of several brain functions. The idea is that the reaction time of a saccade reflects the time consumption of the brain processes that are involved in its generation, so far as these processes can be initiated and completed only after target onset (for review see Becker, 1989) . The finding that saccadic latencies exhibit at least three main modes (slow regular, fast regular and express saccades) gave rise to the postulate that three processes are involved in the preparation of visually guided saccades: the disengagement of attentive fixation from the previous fixation target, the decision to make a saccade and the computation of its spatial parameters (Fischer, 1987; Fischer & Breitmeyer, 1987; Fischer, Weber, Biscaldi, Aiple, Otto & 988 H. WEBER and B. FISCHER Stuhr, 1993) . This idea rests on the observations of Mayfrank et al. who found that an attention target which was presented permanently at the location of the future target position, increased rather than decreased the SRTs. They suggested that engaged attention arrested rapid eye movements and that a disengagement of attention is a necessary step in the preparation of a visually guided saccade (Mayfrank, Mobashery, Kimmig & Fischer, 1986) .
The goal of the present study was to examine--by systematic variation of the temporal (gap duration) and/or spatial (location of a peripheral attention target) conditions of the saccade task--whether one or the other of these preparatory processes might operate differently for saccades towards the left vs the right hemifield, and thus contribute to the observed asymmetries. The results show quite clearly that the oculomotor system as such can produce saccades of equally fast or slow reaction times to either side, given one or the other process of saccade preparation is facilitated or delayed by the particular conditions of the saccade task. An important factor that modulates the extent of the left/right asymmetry is the location in the visual field where sustained visual attention is engaged relatively to the respective location to which the saccade is being made.
METHODS

Subjects
Five adult human subjects (MB, BF, HW, EE and PO, ages between 25 and 50yr) participated in the experiments. Two of them were naive with respect to the goal of the present study. All subjects were trained in the gap paradigm (see below) with a gap duration of 200 msec between offset of the fixation point and onset of the saccade target, which appeared randomly at 4 deg to the left or right from the central fixation point. Training was performed until the SRT distributions remained stable so we could be sure that any change in the SRT distributions would in fact result from the respective experimental condition, not from training effects (Fischer & Ramsperger, 1986) . Subjects MB, BF, HW and EE are right-handed, subject PO is left-handed.
Stimulus presentation
The visual stimuli, consisting of a central red fixation point (Fp, 0.1 x 0.1 deg) and white target stimuli (St, 0.2 × 0.2 deg) on a 20 × 15 deg green background, were generated by a personal computer and presented on a RGB colour monitor using a high resolution graphic interface (micrograph 510). Target onset time was synchronized to the screen (frame rate 83 Hz), considering also the constant time delay between the synchronization pulse and the horizontal level at which the stimuli were presented. The luminance of all stimuli was well above perceptual threshold (Fp and St, 50 cd/m% background, 10 cd/m2). Viewing distance was 57 cm from the subjects' eyes.
All subjects were trained in the gap paradigm (gap duration 200 msec). The intertrial interval and the fixation foreperiod were 1 sec, respectively; target presentation was 800msec. The direction of the saccade target was randomized between 4 deg to the left and to the right. In each session 100 trials were measured for left and for right target presentation.
(i) In a first experimental series we used five different gap durations (0, 100, 200, 300 and 400 msec) and an overlap paradigm (i.e. the fixation point remained on throughout the duration of the trial) which were all applied separately in six different sessions. All other parameters were the same as in the training sessions.
(ii) In a second series we applied the same temporal parameters as in (i), i.e. we used again the five different gap durations and the overlap paradigm, but in these experiments the fixation point was placed at 4 deg to the right of the centre of the screen. The saccade targets occurred again randomly at 4 deg to the left or right from the centre of the screen. The subjects were instructed to attend to the peripheral fixation point, while maintaining gaze direction at the centre of the screen (where no stimulus was presented) during its presentation. In this case the fight saceade target and this peripheral attention target were presented at identical locations. Nakayama and Mackeben (1989) have shown that subjects can correctly follow the instruction to direct their attention to a peripheral stimulus: the performance in a conjunctive visual search task was significantly improved at the corresponding location, proving that sustained attention was allocated at that location as required.
(iii) To see the effect of the location of the peripheral attention point relative to the target, we presented--in a third series--the attention target at seven different horizontal locations between 6 deg to the left and 6 deg to the right in separate experimental sessions. Target location was again randomized between 4 deg to the left and right. Gaze direction was towards the centre of the screen during the presentation of the peripheral attention point. The gap duration was constant at 200 msec.
Eye movement recording and analysis
Eye movements were measured by an infra-red reflection method (Skalar Medical Iris System) with a temporal resolution of 1 msec and a spatial resolution of 0.1 deg. SRTs were detected on-line by velocity threshold detection and presented as a histogram using a binwidth of 10 msec. The following saccade parameters were determined ofltine based on the A/D-converted eye position signal stored on disk: reaction time, amplitude, maximal velocity, and duration of maximally two saccades within 700 msec after target onset.
Before the start of each experimental session the subjects had to fixate a small fixation stimulus, which could be moved manually using the mouse. Both the stimulus and the eye position were superimposed on the computer screen. The stimulus was moved 15 deg to the left and right of the centre of the screen and the subjects were instructed to track it. The gain was adjusted such that it fitted linearly with the respective position of the fixation stimulus on the screen (on-line calibration). After off-line analysis of the data we multiplied all amplitude and velocity values by a common factor to achieve a mean amplitude value corresponding to the respective target location. This factor, depending on the quality of the on-line calibration, usually had values between 0.98 and 1.02, indicating that the on-line calibration was accurate within 2%.
Data analysis (i) Identification of SR T modes. For the identification
of anticipatory saccades we made use of the occurrence of direction errors. In agreement with earlier investigations (Wenban-Smith & Findlay, 1991; we found that all direction errors occurred earlier than about 80 msec after target onset. This value was therefore taken as the upper reaction time limit for the presence of anticipatory saccades, and as the lower limit for visually guided saccades. To characterize the distributions of reaction times more quantitatively, in particular when they contained more than one mode, we used a three-Gaussian fit procedure described in detail by Weber, Fischer, Bach and Aiple (1991) . This procedure not only gives tlhe position (centre) of a peak but also allows calculation of the percent number of saccades that contribute to it. The percent values given in the result section have all been determined by this procedure.
( Subject MB produces rather symmetric reaction time distributions with almost unimodal peaks of express saccades to both the left and the right side. Left/right asymmetries are, however, evident in the other four subjects. Subjects BF, HW and EE produce almost exclusively express saccades to the right target. With the target presented at the left their reaction times are quite different: BF shows a bimodai distribution of express and fast regular saccades. For subject HW the fast regular saccades predominate and the two modes of express and fast regular saccades appear to be fused in the SRT distribution. Inspection of the SRT amplitude scatterplots of HW reveals that the two modes can be clearly identified. Subject EE makes essentially no express saccades to the left target. Subject PO shows the reverse behaviour to BF: she produces almost exclusively express saccades to the left, and a bimodal distribution of express and fast regular saccades to the right.
RESULTS
(i) Interindividual variability
The Kolmogorov-Smirnov test for comparison of left and right SRT distributions revealed that the distributions of all subjects except for MB had to be considered significantly different at a 1% level (see also Fig. 4) .
Note that the observed asymmetries are manifest after the training procedure, even though all subjects were trained with equal amounts of (randomized) left and right target trials.
(ii) Gap vs overlap and the effect of the gap duration
Figure 2(A) shows the results for subject HW; the data are obtained from the overlap paradigm, and from the gap task with five different gap durations between 0 and 400 msec (from top to bottom), which were all tested separately in different experimental blocks. The fixation point was presented at the centre of the screen, the saccade targets occurred randomly at 4 deg to the left or right.
In the overlap and the gap = 0 msec paradigm, no express saccades are obtained. The remaining modes--of fast and slow regular saccades (in the overlap task) and of fast regular saccades in the gap = 0 msec task--are essentially symmetric. With a gap of 100 msec duration some express saccades are present towards the right target; their number increases drastically with the gap = 200 msec task and decreases again with the longer gap durations. The reaction times for the left target, on the other hand, are predominated by the fast regular saccades always. Consequently, the left/right asymmetry is most evident in the gap = 200 msec condition, and decreases with shorter and longer gap durations. These observations were confirmed statistically by the Kolmogorov-Smirnov test: all left/right distributions except those obtained in the overlap and in the 400 msec gap task, proved to be significantly different.
Next, we applied the same temporal design as in Fig. 2 (A), but in this case the fixation point was placed at 4 deg to the right always. The saccade targets occurred again randomly at 4 deg to the left or right, such that the right saccade target and this peripheral attention point occurred at identical locations. The result from subject HW is shown in Fig. 2(B) . One sees a drastic decrease of express saccades towards the right target in the gap conditions; while the reaction times to the left target are largely unaffected. This effect is most prominent for the shorter gap durations, where express saccades are nearly absent (in this experiment). For the longer gap durations the effect becomes smaller and some express saccades emerge again with the 400 msec gap. Accordingly, the reaction times for the left vs the right target with the • "t.~.. . ' 200 msec gap are now rather symmetric (in the asymmetric situation), while they were highly asymmetric in the corresponding experiment with the central fixation point (in the symmetric situation). In fact, the statistical evaluation by the Kolmogorov-Smirnov test revealed that with the peripheral attention point at 4 deg to the right only the left/right distributions obtained with the 400 msec gap proved to be significantly different.
Comparison of the overlap data obtained with a central vs a peripheral attention point reveals no significant changes for left and right target presentation. The distributions remain syrnmetric in both conditions. Figure 3 presents the results from the same two experimental series for subject BF. In the series with the central fixation point [Fig. 3(A) ] BF (as HW, see above) produces symmetric distributions to the left and right in the overlap as well as in the gap = 0 msec conditions. Asymmetry between left: and right SRTs is, however, evident with the longer gap durations, in particular in the 200 msec gap, where BF produces a unimodal peak of express saccades to t]~e right, and a bimodal distribution of express and fast regular saccades to the left; and in the 400 msec gap, where express and fast regular saccades are prominent towards the right, while only fast regular saccades occur towards the left target. These observations were confirmed by the KolmogorovSmirnov test which revealed significant differences between left and right SRTs only in the gap = 200 msec and gap = 400 msec conditions. Figure 3 (B) gives the results from the series with the peripheral attention point at 4 deg to the right for subject BF. As for subject HW, the SRTs of subject BF in the overlap and the gap = 0msec task are not affected as compared to the condition with a central fixation point [ Fig. 3(A) ]. The distributions are symmetric in either condition. With the peripheral attention point the express saccade peaks towards the right target are, however, clearly decreased when gap durations of 100, 200 and 300 msec were used, while they survive with the gap at 400 msec. Thus, as for subject HW, the left/right distributions with the 200 msec gap, which were clearly asymmetric with a central fixation point, are now rather symmetric. In fact, only the SRTs obtained in the 300 msec gap and a peripheral attention point came out as significantly different by the Kolmogorov-Smirnov test.
Also the other subjects, even if they were clearly asymmetric in the gap paradigm, produced symmetric distributions in the overlap paradigm. Moreover, the overlap data of all subjects were not influenced by a peripheral attention point, while the gap data were strongly affected in the same way as for subjects HW and BF. This result is shown in Fig. 4 far more symmetric than his gap distributions. Presenting the attention point at 4 deg to the right in the overlap task has only minor effects in all subjects except PO, whose SRTs to the right target are decreased when the attention point occurs at 4 deg to the left, while those to the left target are not affected.
(iii) Effect of the location of the attention target
As the most striking decrease of express saccades was obtained with a 200 msec gap, and a peripheral fixation point, we selected a gap duration of 200 msec and kept it constant in the next experimental series. In order to see the effect of the spatial location of the peripheral attention point, we presented it at seven different horizontal locations between 6 deg to the left and 6 deg to the right in separate experimental blocks. Target location was again random at 4 deg to the left or right. Gaze direction was towards the centre of the screen during the presentation of the peripheral attention point. Figure 5 shows the results from this experimental series for subject MB. The location of the attention point is plotted against the percent number of express sacades. Data obtained with right target presentation are shown at the right (solid line), those with left target presentation at the left side (dashed line). For the three attention point locations indicated by circles in the graphs, the corresponding SRT distributions are given alongside. As previously shown, subject MB produces rather symmetric distributions of express saccades with a central fixation point (middle-left and middle-right histograms). Presenting the attention point at 4 deg to the right results in a drastic decrease of express saccades towards the right target; also the express saccades to the left target, which occurs contralateral to the attention point, are nearly abolished in favour of fast and even slow regular saccades (upper-left and upper-right histograms) . This bilateral effect is also observed when the attention target is placed at 4 deg to the left. Again express saccades are nearly absent for both target locations, and the number of fast and slow regular saccades increases instead (lower-left and lower-right histograms). The central graphs, giving the percent numbers of left and right express saccades, show that the strength of this effect depends on the relative location between the attention point and the saccade targets: the percentage of express saccades is maximal when attention was located at the centre, and is minimal when the attention point occurs at exactly the same location as the target in the ipsilateral hemifield, or at that symmetrical location in the contralateral hemifield.
These strong bilateral effects were observed in three of the five subjects, namely subject MB, HW and EE. Figure 6 gives the results for subject HW (EE showed essentially the same results). As previously shown, this subject makes large numbers of express saccades to the right, but only small numbers to the left with a central fixation point (middle-left and middle-right histograms). As shown before (Fig. 2) , a considerable decrease of express saccades towards the right target in favour of an increase of mainly fast regular saccades is observed, when the attention target is placed at 4 deg to the right, i.e. ipsilateral to the target itself (upper-right histogram). Express saccades to the right target are however also reduced, when the attention point is placed at 4 deg to the left, that is contralateral to the target (lower-right histogram). The number of express saccades to the left is low in all conditions (histograms and graph on the left side). Again, the decrease of express saccades is most evident whenever the attention point is presented at the same location as the saccade target or at the symmetrical contralateral location. The effect decreases, and the percent number of express saccades increases, with increasing distance between the location of the saccade targets and the attention point. In the other two subjects (BF and PO) there was once again a decrease of express saccades with ipsilateral presentation of the attention target, while the contralateral effects were not as strong. Figure 7 shows the results for subject BF (PO showed essentially the same effects). As already shown (Figs 1 and 3 
H. WEBER and B. FISCHER DISCUSSION
The present data have shown that the observed asymmetries in the SRT distributions are not fixed, but can be modulated systematically by variation of specified temporal (gap duration) or spatial (location of a peripheral attention point) conditions.
The gap data of four out of the five subjects used in this study proved to be asymmetric to varying extents in the gap paradigm with a gap duration of 200 msec. This asymmetry consisted mainly of different numbers of express saccades that the subjects made to the left vs the right target. Even though it is remarkable that three out of the four right-handers produced more express saccades to the right while the left-handed subject produced more to the left, we do not wish to suggest at this point an interrelation between asymmetry of saccadic latencies and handedness, since our population sample is rather small. Asymmetries in the visual-oculomotor system that occurred independent from handedness of the subjects have b~en reported by Zeevi et al. (1988) . These authors found a significant directional response preference for the left or the right side of target presentation in a bihemifield stimulus condition. Moreover, a clear correlation was found between these response preferences and the saccade latencies obtained in a single target condition: the saccade latencies towards the preferred direction were slightly but significantly faster. The authors do not however, provide further information about the characteristics of these interesting single target asymmetries.
In our study, a systematic investigation of the SRT distributions obtained with different gap durations revealed that the extent of left/right asymmetry depended on the duration of the gap. With the shortest (zero) and the longest (400msec) gap duration the numbers of express saccades were generally small for left as well as for right target presentation, and the distributions were close to symmetric. With the intermediate gap durations however, large numbers of express saccades occurred to one side but not to the other. Moreover, the distributions of all five subjects were close to symmetric in the overlap task, where essentially no express saccades occurred. This shows that the process that is initiated by the offset of the fixation point in the gap task, and that enables the occurrence of express saccades, is different for the two hemifields in a physically symmetrical condition. Since the manipulation of peripheral attention location had a strong effect on the SRT distributions in the gap task but not in the overlap task, it is likely that it is the process of attention disengagement, which may have a different strength and/or time-course for the left vs the right hemifield. This would also explain why the asymmetries depend on the gap duration, because the activity representing the disengagement is initiated by the event of fixation point offset. This activity will raise to a maximum (corresponding to a particular gap duration, which is different for each individual subject) and then decay again.
A possible neural sign for attention engagement and disengagement may be found in the superior colliculus and in the frontal eye field of the monkey: modulation of the activity of the foveal fixation neurons in the rostral part of the superior colliculus has a direct effect on the SRTs: presence or absence of activity of these cells can inhibit or release the occurrence of express saccades (Munoz & Wurtz, 1992a , b, 1993a . Moreover, it has been found that in the gap paradigm the activity of the fixation neurons decreases after the offset of the fixation point, while the activity of a certain type a saccade cells, the so-called build up or preparatory cells, increases (Munoz & Wurtz, 1992a , b, 1993a . A so-called gap discharge has also been described recently for visuomovement cells in the frontal eye fields. These cells show increased activity during the duration of the gap, in addition to their presaccadic burst. This gap discharge occurred independently from the location of the saccade target, i.e. whether the target was presented in or outside the receptive field of the respective neuron. This type of discharge has been interpreted as a readiness signal, triggered by the disappearance of the fixation point (Dias & Bruce, 1993) . Therefore it appears reasonable to assume that the dynamics of the discharge of these neurons reflects the build up of attention disengagement from the previous fixation target.
It may be interesting to speculate that this gap-related activity in the superior colliculus and the frontal eye field might have a different strength and/or time-course within the left and the right hemisphere. This would result in a different state of saccade preparation at the time of target onset for particular gap durations. The SRTs for left vs right occurring targets would consequently be different, resulting in the observed asymmetric SRT distributions. Further investigations of the response characteristics of these cells should shed more light on the dynamics of saccade preparation.
Our experiments with a peripheral attention point resulted in a relative loss of express saccades (and consequently in an overall increase of saccade latencies) when the saccade target occurred at the attended location. A similar effect has been described for manual reaction times, and is referred to as "inhibition of return". All studies that dealt with this phenomenon showed consistently the following results: if a target was presented after a short cue lead time (e.g. 100msec) following presentation of a peripheral attention point (non-informative cue), a latency reduction was obtained for the cued (ipsilateral) location, while reaction times to the uncued (contralateral) location were delayed. However with long cue lead times (>500msec) the reaction times to the cued location were increased, while those to the uncued location were decreased (Posner & Cohen, 1984; Rafal, Calabresi, Brennan & Sciolto, 1989; Tassinari, Biscaldi, Marzi & Berlucchi, 1989; Tipper, Driver & Weaver, 1991) . It has been suggested that inhibition of return modulates oculomotor activity by favouring novelty in visual scanning (Posner & Cohen, 1984) . In our study we found also a latency increase (loss of express saccades) when the saccade target occurred at the location of the previous attention target. For the contralateral saccade target location there was however, also a clear latency increase in three of our subjects, while the other two subjects showed no clear effect for the contralateral saccades. Therefore this part of the present re,mlts cannot be explained by "inhibition of return".
Our study has shown in addition that the observed modulation of express saccades is dependent on the relative location between the saccade target and the attention/fixation point. The finding of a local suppression of express saccades in a gap paradigm, where a saccade target is presented close to the previous attention target, is reminiscent of the phenomenon of the dead zone for express saccades: it is known that express saccades are absent in monkey and in man, when a saccade target occurs in the close vicinity of the central fixation point, i.e. within a region of about 2 deg around the fovea, where a small saccade is required to acquire the target location (Weber, Aiple, Fischer & Latanov, 1992) . This result has been explained by an activation of the collicular foveal fixation neurons by the targets for small saccades. Activation of these fixation neurons exerts an inhibitory influence on the saccade system, and suppresses the generation of express saccades, as Wurtz (1992a, b, 1993a, b) have shown. The present results have shown that a similar local suppression of express saccades is obtained with a peripheral attention target; this finding may be interpreted by a functional dead zone for express saccades which builds up temporarily at that particular position in the visual field. The question arises whether peripheral cells within the oculomotor system can adopt some of the properties of the collicular fixation neurons, if a stimulus at the corresponding location in the visual field has been the goal of the subjects' sustained visual attention.
The bilateral effects that we obtained with the (unilateral) peripheral attention target allow for some arguments concerning the brain structures that might be involved in the observed suppression of express saccades. Anatomical studies in monkeys have shown that the frontal eye field is the source of a bilateral descending projection to the brain sl:em paramedian pontine reticular formation (Leichnetz, Smith & Spencer, 1984; Schnyder, Reisine, Hepp & Henn, 1985) . Unilateral lesions of the frontal eye fields of neurological patients cause a clear bilateral increase of the number of express saccades (Braun, Weber, Mergner & Schulte-M6nting, 1992; Weber, Braun & Mergner, 1993) . It is also well known from experiments in awake trained monkeys that the response of frontal eye field neurons can be modulated by the behavioural significance of a visual stimulus (Wurtz & Mohler, 1976) . Moreover, the elicitation of eye movements by electrical stimulation is impeded when the monkeys fixate attentively on a visual target (Goldberg, Bushnell & Bruce, 1986) . All these findings make the frontal eye fields a good candidate to be involved in the observed bilateral modulatory effects of directed peripheral attention.
